Abstract. The fibrous beam element and common node method in ABAQUS software were used to set up a finite element model of PHC pipe piles , and the seismic performance of the PHC pipe piles were studied. UCONCRETE01 constitutive model and USTEEL02 constitutive model were respectively used for the concrete and the prestressed longitudinal reinforcement in the element model of the PHC pipe piles. The soil-pile interaction was simulated by the p-y soil-spring model under cyclic loading. The influence of reinforcement ratio, buried depth, axial compression ratio, shear strength of undrained soil on the cumulative dissipating hysteretic energy and displacement ductility coefficient of the PHC pipe piles were discussed. The results show that the cumulative dissipating hysteretic energy of pile increases with the reinforcement ratio and buried depth increasing, and decreases with the axial compression ratio of pile top increasing. Meanwhile, the displacement ductility coefficient also increases with the buried depth of PHC pile increasing, but does not show significant influence by the reinforcement ratio and shear strength of undrained soil. The results can provide some reference for the seismic design of PHC pipe piles.
Introduction
For its high strength, fast construction, and low cost, PHC pipe piles are widely used in the high-piled wharf structure. However, there is also lack of the knowledge about the seismic performance of the PHC pile-supported wharf considering soil-pile interaction. Several western researchers have carried out some research on the seismic performance of PHC pipe piles earlier. Applying the cyclic reciprocating loading test on the prestressed hollow precast pile, Budek et al. [1] studied the influence of the stirrup ratio of pile body, external constraints, and non prestressed longitudinal reinforcement on displacement ductility and bending resistance of the pile foundation. Roeder et al. [2] compared the seismic performance of two different forms of joints by applying cyclic reciprocating tests on the joints of prestressed concrete piles and pedestals. The seismic performance of PHC pipe piles under horizontal force also attract some Chinese engineering staff's attention after the accident of Lotus Riverside Building in Shanghai in 2009 [3] . Xian et al. [4] assume that the bottom of pile is fixed, and the quasi-static test of the PHC pipe pile was carried out. The effect of improvements, including adding steel fiber, core-filled concrete, and non-prestressing reinforcement on the ductility, bearing capacity, energy dissipation of the PHC pile were discussed, respectively. Han [5] also applied the cyclic reciprocating loading on the reinforced concrete pile groups in a sandy soil box. The effects of the free length of pile and water content of sandy soil on the hysteresis curve, skeleton curve, and displacement ductility coefficient was been investigated. In the present study, the parameters of the PHC pipe pile listed in literature [6] are used to investigate the effects of soil around piles on the seismic performance of the pile. According to the earlier report [7] , the p-y curve of soft clay under cyclic loading is used to simulate the soil-pile interaction under earthquake. The dissipating hysteretic energy and displacement ductility of PHC pipe piles is studied by the numerical simulation. The results can provide some reference for the seismic design of PHC pipe piles.
concrete cover layer and the concrete core confronted by the stirrups, the common node method was used and the beam elements representing the concrete cover layer and the concrete core between the two nodes were established. Thus, the displacements of the two beam elements are the same, and the deformation between the concrete cover and the concrete core are compatible. Using the rebar keyword, on the section of the beam element section, the steel reinforcement is inserted on the position of the prestressed steel reinforcement in the concrete core. The initial tensile stress is applied to the longitudinal reinforcement of the pipe pile through the keyword of initial condition. The initial tensile stress of the prestressed reinforcement considering the loss of the prestress is calculated according to the GB13476-2009 [8] . The division of the fibrous point and the prestressed reinforcement on the cross section of the beam are shown in Fig.1 . Material Constituents and Parameters. The UCONCRETE01 and USTEEL02 constitutive mode in the pq-fiber subroutine were used for the concrete constitutive and the prestressed longitudinal reinforcement constitutive, respectively [9] . In addition, the residual strain ε res of concrete is calculated through the method reported in literature [10] . The double broken line model, which proposed by CLOUGH [11] , is used in the reinforcement constitutive.
The concrete of PHC pipe piles is C80 grade. The deformed bar with tensile strength no less than 1420MPa and ductility grade 35 is used as the prestressed reinforcements, which are evenly distributed along the cross section of the pile. The elastic modulus E 0 , yield strength f y , and hardening stiffness coefficient of the prestressed reinforcement are 200GPa, 1420MPa, and 0.001, respectively. The parameters of the concrete cover layer and the concrete core are calculated according to the Mander constitutive model [12] .
Simulation of Pile-soil Interaction. In the present study, the pile-soil interaction in the horizontal direction was simulated by the model of p-y spring in soft clay soil under cyclic loading [7] . In that, the function of p-y spring is achieved by connector connection unit. The springs are arranged every 0.5 m below the mud surface. One end of the spring is connected to the pile and the other end is fixed. In the high pile wharf, the rotational freedom of the pile top is limited by the cap, and vertical freedom of the pile bottom is also limited by the bearing stratum. Therefore, the axial pressure is applied by the vertical concentrated force on the pile top, and the horizontal earthquake load is applied by the horizontal displacement on the pile top. The calculation diagram of PHC piles is shown in Fig.2 . 
Calculation Results and Discussion
Parameters. As mentioned in reference [6] , the PHC piles, with a length of 25 m and an outside diameter of 800 mm, are stuied. The parameters of the PHC piles are shown in Tab.1. In order to investigate the influence of reinforcement ratio, axial compression ratio, and buried depth on the seismic performance of the pile foundation, 11 kinds of conditions in Tab.2 are selected. Loading Mode. As the earlier study [13] reported, the displacement-control mode is adopted in the present study. During the applied displacement process,when the horizontal bearing capacity of the the pile top is being reduced to 85% of the maximum value, the loading is stopped. In calculation, the horizontal bearing capacity of the pile top, which is corresponding to each grade of displacement load, is determined by measuring the horizontal force of the pile top.
Results and Discussion. The influence of reinforcement ratio, axial compression ratio, buried depth, and shear strength of undrained soil on the seismic performance of the PHC pipe piles is studied. The selected conditions are shown in Tab.2. The analysis of displacement ductility and cumulative hysteretic energy dissipation is as follows.
The yielded state of the prestressed reinforcement in the PHC pipe pile was taken as the pile yield state of the pile foundation, and the load value of the skeleton curve being reduced to 85% of the maximum load was taken as the ultimate failure state of the pile foundation [14] . The variation of displacement ductility coefficient under different factors is shown in Fig.3 . Fig.3 . Effect of (a) reinforcement ratio; (b) axial compression ratio; (c) buried depth; (d) undrained shear strength of soil on displacement ductility coefficient of the pile foundation As Fig.3 (a) shows, the displacement ductility of the PHC pipe piles do not show significantly influence by the reinforcement ratio. When the axial compression ratio is 0.1 and the buried depth is 20 m, the values of the displacement ductility coefficients of the four PHC pipe piles are around 7.0. As the results shown in Fig.3 (b) , the displacement ductility coefficient of the pile is obviously reduced with increasing axial compression ratio of the pile top. For the PHC pipe pile with the buried depth of 20 m and the pile type C, the displacement ductility coefficient is increased by 132.5% as the axial compression ratio of the pile top was reduced from 0.4 to 0.1. As Fig.3 (c) shows, as the buried depth of the pile increasing, the value of the displacement ductility coefficient also increases. For the type C PHC pipe pile with axial compression ratio of 0.1, the displacement ductility coefficient increased by 39.8% when the buried depth increased from 17 to 23 m. With the increase of the undrained shear strength of soil, the yield displacement and ultimate displacement of the pile foundation were gradually reduced. Thus, the displacement ductility coefficient of the pile foundation was slightly influenced by the undrained shear strength. As the results shown in Fig.3 (d) , the displacement ductility coefficient of the pile changes from 6.0 to 7.0 when the undrained shear strength of soil increases from 20 kPa to 80 kPa.
Hysteresis energy consumption is the area surrounded by the hysteresis curve, which related with the energy dissipation of the component in the earthquake. The higher hysteresis energy consumption means better seismic performance. The cumulative hysteretic energy dissipation of pile foundations under different conditions are presented in Fig.4 . As Fig.4 (a) and Fig.4 (c) shows, the cumulative hysteresis energy significantly increased with the reinforcement ratio and buried depth. When the axial pressure is 0.1 and the buried depth is 20 m, comparing with the pile with the reinforcement ratio of 0.53%, the cumulative hysteresis energy increased by 59.9% and 122.6% for the samples with the reinforcement ratio of 1.05% and 1.46%, respectively. As Fig.4 (c) shows, for the PHC pipe pile with the axial compression ratio of 0.1 and the reinforcement ratio of 1.46, the cumulative hysteretic energy dissipation increased by 57.5% when the buried depth increases from 17 to 23 m. On the contrary, the cumulative hysteretic energy significantly decreases with the axial compression ratio, as shown in Fig.4  (b) . For the PHC pipe pile with the buried depth of 20 m and the reinforcement ratio of 1.46%, the cumulative hysteresis energy dissipation with the axial compression ratio of 0.1 increased by 207.3% compared to the one with the axial compression ratio of 0.4. As Fig.4 (d) shows, the cumulative hysteretic energy dissipation of pile foundation does not show significant influence by undrained shear strength of soil. Overall, the hysteretic energy consumption of PHC pipe piles foundation increased with the reinforcement ratio and the penetration depth, and decreased with the axial compression ratio, but is not significantly influenced by the shear strength of undrained soil.
Conclusion
The influence of the reinforcement ratio, the buried depth, the axial compression ratio, and the shear strength of undrained soil on the seismic performance of PHC pipe piles was studied by cyclic loading. The results show that the reinforcement ratio does not show significant influence on the displacement ductility coefficient of PHC pipe piles, but show obvious influence on the cumulative hysteretic energy dissipation of the pile. The cumulative hysteretic energy dissipation increases with the reinforcement ratio increasing. With the increase of the burid depth of PHC piles or decrease of the axial compression ratio of pile top, both the displacement ductility coefficient and cumulative hysteresis energy dissipation of the pile increases obviously. On the other hand, the shear strength of undrained soil presents little effect on the displacement ductility coefficient and the cumulative hysteretic energy dissipation of PHC pipe piles.
